Mutations in the gene encoding the transcription factor Foxp3 lead to fatal autoimmune pathology in mice and humans, which is associated with a deficiency in Foxp3 ؉ regulatory T cells (Treg). It has also been proposed that Foxp3 inactivation in nonhematopoietic tissues, particularly in thymic epithelium, is required for the pathogenesis, because Foxp3 mutant scurfy bone marrow cells fail to transmit the disease to lethally irradiated WT hosts. We demonstrate here that the lack of pathology in these radiation chimeras is due to the presence of radioresistant endogenous Foxp3 ؉ Treg of the host. In addition, chimeras carrying the scurfy mutation only in nonhematopoietic cells exhibit no evidence of autoimmune pathology. Thus, Foxp3 deficiency in nonhematopoietic cells does not contribute to the scurfy disease. Furthermore, our analyses of radiation chimeras revealed that the peripheral Treg pool is fully and specifically restored and maintained by radioresistant endogenous Treg or adoptively transferred exogenous Treg through ''homeostatic'' proliferation in the absence of Treg production from scurfy donor bone marrow cells. These results thus provide evidence that the autoimmune pathology in scurfy mice results indeed from a Treg deficiency and illustrate a robust homeostatic mechanism that strictly controls the size of peripheral Treg pool by fine-tuning of homeostatic proliferation.
N
aturally occurring regulatory T cells (T reg ), enriched in the CD4 ϩ CD25 ϩ subset, develop as a distinct lineage of T cells and play an essential role in the prevention of pathological immune responses, including autoimmunity, inflammation, and allergy (1) (2) (3) (4) . Recent studies have demonstrated that T reg predominantly, if not specifically, express the forkhead transcription factor Foxp3 (5-9), which was identified as the gene mutated in a fatal lymphoproliferative, autoimmune, inflammatory, and allergic syndrome that develops in the scurfy (sf ) mutant mice (10) and human patients with immunodysregulation, polyendocrinopathy, enteropathy, and X-linked syndrome (reviewed in ref. 11 ). Furthermore, Foxp3 plays an essential role in the development and function of T reg , because ectopic Foxp3 expression confers T reg phenotype and function on peripheral nonregulatory CD4 ϩ T cells (5) (6) (7) , and loss-of-function mutations in the foxp3 gene including the sf mutation lead to defective generation of CD4 ϩ CD25 ϩ T reg (6, 7) . Importantly, the fatal lymphoproliferative disease in sf mice can be prevented by neonatal transfer of CD4 ϩ CD25 ϩ T reg isolated from WT donors (6) . In addition, T cell-specific deletion of the foxp3 gene is sufficient to induce the identical lymphoproliferative syndrome observed in mice with germ-line Foxp3 deficiency (8) . These results strongly suggested that the autoimmune syndrome results primarily, if not entirely, from the deficiency in T reg .
However, several lines of evidence have challenged this notion and suggested that T reg deficiency may not be sufficient to account for the aggressive autoimmune phenotype observed in Foxp3 mutant mice. Because reconstitution of lethally irradiated WT mice with sf bone marrow (BM) cells failed to transmit the fatal sf disease despite apparent hematopoietic reconstitution by sf-derived cells, Foxp3 deficiency in nonhematopoietic tissues has been suggested to be required for the pathogenesis (12) . Because the sf disease is thymus-dependent, it has been proposed that the sf disease may develop because of an as-yet-uncharacterized defect in radioresistant thymic epithelial cells (TEC) (12) , which are essential for T cell development and repertoire selection. Supporting this hypothesis, a recent study reported that Foxp3 protein is expressed in cortical TEC as well and suggested that Foxp3 inactivation in TEC leads to impaired proliferation of immature thymocytes, which would contribute to the sf phenotype (13) . It remains to be established, however, whether the sf disease develops because of T reg deficiency or a defect in nonhematopoietic tissues or combination of both.
The present study was undertaken to determine the relative contributions of these two proposed pathways to the pathogenesis of autoimmune disease in sf mice. To this end, we revisited the aforementioned radiation chimera experiment by transferring allotypically marked sf BM cells into lethally irradiated WT host mice and analyzed the reconstitution of Foxp3 ϩ T cells by donor and host cells. Furthermore, we generated radiation chimeras that carried the sf mutation only in nonhematopoietic cells and directly evaluated the possible impact of Foxp3 deficiency in nonhematopoietic cells on the disease pathogenesis.
Results
Lethally Irradiated WT Hosts of sf BM Cells Harbor Peripheral Foxp3 ؉ Treg Derived from Radioresistant Host Cells. It was previously shown that transfer of sf BM cells into lethally irradiated WT mice failed to transmit the fatal sf disease (12) . We repeated this experiment by transferring T cell-depleted BM cells from B6.Thy1.2.Foxp3 sf or Foxp3 WT mice into lethally irradiated B6.Thy1.1 host mice (designated ''sf 3 WT'' and ''WT 3 WT'' chimeras, respectively). In agreement with the previous result, all of the radiation chimeras remained healthy and survived for Ͼ4 mo. When analyzed at 18 wk after BM transfer, both chimeras displayed no lymphocytic infiltrations in the skin, liver, lung, and colon (data not shown). In addition, activation and expansion of sf-derived donor T cells are regulated at a level comparable to WT-derived donor T cells in control chimeras (data not shown).
Flow cytometric analysis of lymph nodes (LN) and spleen (not depicted) revealed that sf 3 WT chimeras harbored CD4 ϩ Foxp3 ϩ T cells, the majority of which coexpressed the CD25 molecule, at a frequency similar to those found in WT 3 WT chimeras (Fig. 1 Fig. 2A) . Likewise, when sublethally irradiated RAG2 Ϫ/Ϫ mice were used as hosts, all sf 3 RAG Ϫ/Ϫ BM chimeras also developed a fatal wasting disease, whereas WT 3 RAG Ϫ/Ϫ BM chimeras did not (SI Fig. 6 A) . Identical results were obtained with irradiated RAG2
Ϫ/Ϫ hosts transferred with E15 fetal liver cells (SI Fig. 6 A) , ruling out any effects of mature pathogenic T cells that might have contaminated the sf BM cell inoculum. Histological analyses of diseased sf 3 RAG Ϫ/Ϫ chimeras revealed extensive infiltrations in the liver, lung, and colon, but not in the skin (SI Fig. 6B ).
To determine whether the development of the fatal autoimmune disease is due to elimination of host T reg , we injected 0.3 or 1.0 ϫ 10 6 CD4 ϩ CD25 ϩ or 1.0 ϫ 10 6 CD4 ϩ CD25 Ϫ T cells sorted from WT mice into sf 3 RAG Ϫ/Ϫ chimeras. All of the chimeras injected with CD4 ϩ CD25 Ϫ T cells developed disease and died with identical kinetics to controls receiving no T cells (Fig. 2B ). In contrast, five of six chimeras receiving 1.0 ϫ 10 6 CD4 ϩ CD25 ϩ T cells and four of seven receiving 0.3 ϫ 10 6 CD4 ϩ CD25 ϩ T cells survived, although some surviving mice, particularly of the latter group, exhibited histological signs of inflammation in the colon, lung, and liver, and in skin as well (data not shown). Furthermore, when B6.CD28 Ϫ/Ϫ mice, which contain reduced numbers of CD4 ϩ CD8 Ϫ Foxp3 ϩ cells in the periphery and thymus compared with CD28 ϩ/ϩ mice (14, 15), were used as hosts, all sf 3 CD28 Ϫ/Ϫ chimeras also developed a similar wasting disease and five of six died in the course of a 12-wk observation period (SI Fig. 7 ). However, they survived significantly longer than sf 3 RAG Ϫ/Ϫ and anti-Thy1.1-treated sf 3 Thy1.1 chimeras, suggesting partial disease protection by the reduced yet detectable numbers of remaining CD28 Ϫ/Ϫ host Foxp3 ϩ T cells (data not shown).
In summary, these results demonstrate that the lack of autoimmune pathology in sf 3 WT chimeras is due to the presence of radioresistant host Foxp3 ϩ T reg . 
Foxp3 Deficiency in Nonhematopoietic Tissues Does Not Contribute to Disease Development and Dysregulated T Cell Homeostasis in sf Mice.
To directly test the possibility that Foxp3 inactivation in nonhematopoietic tissues also contributes to the disease development in sf mice, RAG2-deficient sf mice were generated. (Fig. 3C) . However, this apparent lack of T cell expansion in diseased chimeras was independent of the host Foxp3 genotypes. Nonetheless, flow cytometric analysis of LN and spleen cells revealed accumulation of CD44 high CD62L low activated/memory CD4 ϩ Foxp3 Ϫ T cells equally in sf 3 sf.RAG Ϫ/Ϫ and sf 3 WT.RAG Ϫ/Ϫ chimeras (Fig. 3D) . In contrast, WT 3 sf.RAG Ϫ/Ϫ as well as WT 3 WT.RAG Ϫ/Ϫ chimeras contained equal numbers of CD4 ϩ T cells (Fig. 3C) , most of which displayed a naïve phenotype (Fig. 3D) .
A recent report suggested that Foxp3 deficiency in TEC would result in impaired thymopoiesis (13) . However, WT 3 sf.RAG Ϫ/Ϫ and WT 3 WT.RAG Ϫ/Ϫ chimeras contained equal numbers of
Ϫ single-positive, and CD4 Ϫ CD8 ϩ single-positive thymocytes (SI Fig. 8A ). Absolute numbers of double-negative thymocyte subsets (i.e., DN1 to DN4) was also comparable between both chimeras (SI Fig. 8B) .
We conclude that Foxp3 inactivation in nonhematopoietic tissues, including TEC, does not contribute to the autoimmune pathology and dysregulated T cell homeostasis in sf mice.
Peripheral Expansion of Radioresistant Host Treg Restores and Main-
tains Normal T reg Homeostasis in sf BM Chimeras. We found that sf 3 WT chimeras harbored host-derived Foxp3 ϩ T reg in the periphery at a frequency similar to controls despite having received a lethal dose of radiation. This would suggest that Foxp3 ϩ T reg are intrinsically radioresistant or that their population size is homeostatically controlled in the chimeras. To evaluate these possibilities, we monitored the kinetics of T cell reconstitution in LN and spleen (not depicted) of sf 3 WT and WT 3 WT chimeras. As shown in Fig. 4A , the absolute numbers of CD4 ϩ Foxp3 ϩ and CD4 ϩ Foxp3 Ϫ T cells were drastically reduced 3 days after irradiation, indicating that both cell types are equally susceptible to radiation-induced cell death. By 4 wk after BM transfer, their total numbers increased and recovered to the normal levels found in nonirradiated WT mice and were kept constant afterward in both chimeras. Whereas Foxp3 ϩ T cells were entirely of host origin in sf 3 WT chimeras, host Foxp3 ϩ T cells were gradually replaced by donor cells in WT 3 WT chimeras (Fig. 4B) . Host CD4 ϩ Foxp3 Ϫ T cells were also substituted by donor cells in both chimeras with similar kinetics. Thus, host Foxp3 ϩ T reg are specifically maintained in sf 3 WT chimeras. Notably, in WT 3 WT chimeras, the replacement of host CD4 ϩ Foxp3 ϩ T cells by donor cells was slower than that of host CD4 ϩ Foxp3 Ϫ T cells (Fig. 4B) , suggesting that Foxp3 ϩ T reg have a longer lifespan than nonregulatory cells. These results indicate that the number of peripheral Foxp3 ϩ T cells is under strict homeostatic control, regardless of the presence (WT 3 WT chimeras) or absence (sf 3 WT chimeras) of de novo thymic T reg production from donor BM cells. This conclusion is further supported by the analyses of the sf 3 RAG Ϫ/Ϫ chimeras that were protected from fatal disease development by cotransfer of 0.3 ϫ 10 6 or 1.0 ϫ 10 6 exogenous CD4 ϩ CD25 ϩ T cells (Fig. 2B) . When analyzed at 12 wk after BM reconstitution, the numbers of CD4 ϩ Foxp3 ϩ T cells (and CD4
ϩ Foxp3 Ϫ T cells as well) recovered from such protected RAG Ϫ/Ϫ chimeras were identical to those from sf 3 WT chimeras, from WT 3 RAG Ϫ/Ϫ chimeras, and from normal B6 mice (Fig.  4C) . Thus, the size of peripheral CD4 constant irrespective of its origin (whether adoptively transferred exogenous cells, or radioresistant endogenous cells, or endogenously generated cells) and of the initial numbers of transferred exogenous cells (0.3 ϫ 10 6 or 1.0 ϫ 10 6 cells). We next investigated the mechanisms of peripheral T reg regeneration and maintenance in sf 3 WT and WT 3 WT chimeras. In sf 3 WT chimeras, the peripheral T reg pool may be restored by lymphopenia-driven proliferation (LDP) of radioresistant host Foxp3 ϩ T cells that had survived lethal irradiation. To detect T cell proliferation in vivo, we treated both chimeras with BrdU for 3 days at 3 wk after BM transfer and analyzed BrdU incorporation by host CD4 ϩ T cell subsets in LN and spleen (not depicted) by flow cytometry. Large fractions of host CD4 ϩ Foxp3 ϩ (Ϸ75%) and CD4 ϩ Foxp3 Ϫ (Ϸ50%) T cells incorporated BrdU in both chimeras (Fig. 4D) . Only Ϸ7% of residual host CD4 single-positive thymocytes were labeled with BrdU, indicating that postthymic expansion largely accounts for BrdU incorporation in peripheral T cells under this condition. Interestingly, the extensive proliferation of host Foxp3 ϩ T cells was seen equally in both sf 3 WT and WT 3 WT chimeras. In addition, in WT 3 WT chimeras, most (80-85%) of Foxp3 ϩ T cells were still of host origin at 4 wk (Fig. 4B) . Hence, the peripheral T reg pool is initially restored by peripheral expansion of radioresistant host cells, regardless of whether donor BM cells are capable of producing new T reg or not. In contrast, the reconstitution of non-T reg pool is more dependent on thymic output, because Ϸ50% of CD4 ϩ Foxp3 Ϫ T cells were replaced by donor cells at 4 wk (Fig. 4B ) and they proliferate less extensively than Foxp3 ϩ cells (Fig. 4D) .
To investigate the mechanisms of T reg maintenance at steady state, we performed BrdU incorporation studies at 10 wk after BM transfer. A significantly higher fraction of host CD4 ϩ Foxp3 ϩ T cells incorporated BrdU in sf 3 WT chimeras than both host and donor CD4 ϩ Foxp3 ϩ T cells in WT 3 WT chimeras (Fig. 4D) , indicating that host Foxp3 ϩ T cells proliferate more vigorously in the absence of donor-derived Foxp3 ϩ T cells. In contrast, BrdU incorporation in any of the CD4 ϩ Foxp3 Ϫ T cell compartments was comparable and smaller than Foxp3 ϩ T cells, indicating higher turnover rates of Foxp3 ϩ T cells. These results suggest that increased proliferation of host Foxp3 ϩ T cells accounts, at least in part, for the maintenance of the peripheral Foxp3 ϩ T cell pool in sf 3 WT chimeras.
Taken together, these results show that the number of peripheral Foxp3 ϩ T cells is fully restored and maintained by radioresistant host cells or adoptively transferred exogenous cells through peripheral expansion, even in the absence of de novo T reg production from donor BM cells.
Discussion
In this study we determined whether the autoimmune pathology and dysregulated T cell homeostasis observed in sf mice result from a T reg deficiency or a defect in nonhematopoietic tissues or a combination of both. The findings presented herein unequivocally demonstrate that Foxp3 deficiency in nonhematopoietic tissues does not contribute to the sf phenotype and provide further evidence that defective T reg generation is its primary cause. Moreover, our analyses of sf BM chimeras also illustrate a robust homeostatic mechanism that strictly controls the size of peripheral T reg pool. We confirmed that lethally irradiated WT hosts transferred with sf BM cells failed to develop a fatal autoimmune disease, but we found that this was because of suppression of sf-derived T cells by radioresistant host Foxp3 ϩ T reg . By using sf.RAG Ϫ/Ϫ mice as hosts, we directly evaluated whether Foxp3 deficiency in nonhematopoietic cells contributes to the sf phenotype. The results clearly showed that the RAG Ϫ/Ϫ hosts developed fatal autoimmune disease associated with hyperactivation of T cells only when reconstituted with sf BM cells, regardless of the Foxp3 genotype of the hosts. In addition, the autoimmune pathology and hyperactivation of T cells that developed in sf 3 RAG Ϫ/Ϫ chimeras was neither accelerated nor exacerbated when the hosts carried the sf mutation, further indicating no impact of Foxp3 deficiency in nonhematopoietic cells. In contrast to our results, Chang et al. (13) recently reported that transfer of sf BM cells into irradiated RAG Ϫ/Ϫ mice failed to transmit the sf disease. However, the possible impact of the sf mutation in nonhematopoietic cells on the autoimmune pathology was not directly investigated. The reasons for the discrepancy observed between this study and ours are unclear, but our analysis testing all of the combinations of donor and host Foxp3 genotypes provides compelling evidence against any role of Foxp3 deficiency in nonhematopoietic cells for the disease pathogenesis.
It was also reported that Foxp3 deficiency in TEC impaired proliferation of double-negative thymocytes, which would impede thymopoiesis (13) . Our analyses of WT 3 sf.RAG Ϫ/Ϫ and WT 3 WT.RAG Ϫ/Ϫ chimeras, however, showed that the absolute numbers and subpopulation compositions of thymocytes and peripheral T cells were not affected by the sf mutation in nonhematopoietic cells. Moreover, a recent study of T cell receptor (TCR) transgenic sf mice also revealed unperturbed positive and negative selection of transgenic TCR-expressing thymocytes in the absence of Foxp3 (16) . These findings collectively indicate that Foxp3 inactivation in nonhematopoietic tissues does not significantly disturb T cell development and homeostasis.
Hence, our results provide further evidence that the autoimmune pathology observed in sf mice results from Foxp3 ϩ T reg deficiency. Radiation chimeras reconstituted with sf BM cells were protected from developing autoimmune disease for long time periods by radioresistant endogenous T reg or adoptive transferred exogenous T reg despite the presence of large numbers of sf-derived T cells. These findings are in full agreement with a previous report showing that adoptive transfer of CD4 ϩ CD25 ϩ T reg into neonatal sf mice prevented the development of the lymphoproliferative disorder (6) .
Our findings illustrate a robust homeostatic mechanism that strictly controls the size of peripheral T reg pool. We showed that host Foxp3 ϩ T cells were vigorously proliferating 3 wk after lethal irradiation and BM reconstitution in both sf 3 WT and WT 3 WT chimeras, indicating that the peripheral Foxp3 ϩ T reg pool is initially restored by LDP from radioresistant mature Foxp3 ϩ T cells that have survived lethal irradiation. It is also possible that some of the host Foxp3 ϩ T cells may be converted from radioresistant host Foxp3 Ϫ T cells through LDP (17) . Although it is now clear that LDP is not homeostatic for naïve T cells (18) , our results clearly show that it is so for Foxp3 ϩ T reg . At steady state, these expanded host Foxp3 ϩ T cells persisted to maintain the T reg pool in sf 3 WT chimeras, i.e., in the absence of de novo T reg generation from donor BM cells. In contrast, in its presence (i.e., in WT 3 WT chimeras), host Foxp3 ϩ T cells were progressively replaced by WT BM-derived recent thymic emigrants such that the total number of Foxp3 ϩ cells was the same as in sf 3 WT chimeras and in normal WT mice. Furthermore, adoptively transferred exogenous CD4 ϩ CD25 ϩ T cells also established the identical number of Foxp3 ϩ T cells in sf 3 RAG Ϫ/Ϫ chimeras. These results collectively demonstrate that the number of peripheral Foxp3 ϩ T reg is under strict homeostatic control independent of thymic output and support the notion that Foxp3 ϩ T reg occupy a dedicated and limited niche in the peripheral T cell repertoire (18, 19) . This robust T reg homeostasis is in contrast to the rules for conventional T cells, particularly the naïve pool, whose size is more dependent on thymic emigrants (18, 20) .
Our results also revealed that T reg homeostasis is an active and dynamic process that requires fine-tuning of proliferation. We show that, at steady state, host Foxp3 ϩ T cells proliferate more vigorously in sf 3 WT chimeras than in WT 3 WT chimeras, indicating that Foxp3 ϩ T reg adapt their proliferation rates depending on the presence or absence of ''competitors'' to replenish their niche. This suggests that, in WT 3 WT chimeras, peripheral resident host Foxp3 ϩ T cells compete with donor-derived recent thymic emigrants for growth factors and/or antigens. The molecular nature of such ''resources'' remains to be identified, but IL-2 secreted by naturally activated nonregulatory T cells may be one of such resources (19, (21) (22) (23) (24) . This in turn suggests that the size of T reg niche may be determined depending on interactions with conventional T cells.
Finally, the results obtained in the present study may also have implications when resetting of the immune system by stem cell transplantation is considered for therapeutic purposes. Recent studies have demonstrated that radioresistant host T reg are capable of preventing the development of allogeneic (25) or syngeneic (26) graft-versus-host disease. Bénard et al. (26) reported that reconstitution of irradiated B6.RAG Ϫ/Ϫ but not WT hosts with B6 WT BM cells resulted in the development of syngeneic graft-versus-host disease, which mainly manifested as colitis. Although we detected minimal colitis in our WT 3 RAG Ϫ/Ϫ chimeras, this discrepancy seems apparent and likely reflects the fact that our chimeric mice were treated with antibiotics because this disease was apparently driven by enteric bacteria (26) . They found that the lack of disease development in the WT 3 WT chimeras was associated with the presence of radioresistant host T reg (26) . Importantly, whereas radioresistant host T reg in WT hosts were fully capable of preventing such disease, donor BM-derived T reg were not in their RAG Ϫ/Ϫ hosts unless exogenous T reg were cotransferred with BM cells. In light of the present study, we suggest that this difference between host and donor T reg in their regulatory potential reflects their differential kinetics of reconstitution; as shown in the present study, host T reg preferentially undergo LDP to first restore the peripheral T reg pool before donor T reg are produced from the thymus. It would be therefore important to establish therapeutic strategies that preferentially spare and expand host T reg cells to avoid such immune pathology during T cell reconstitution.
Materials and Methods
Mice. C57BL/6J (Thy1.2) (B6) and B6.Foxp3 ϩ/sf female carrier mice were purchased from Clea Japan (Tokyo, Japan) and The Jackson Laboratory (Bar Harbor, ME), respectively. B6.PL (B6.Thy1.1), B6.RAG2 Ϫ/Ϫ , and B6.CD28 Ϫ/Ϫ mice were bred and maintained under specific pathogen-free conditions in our animal facility. Foxp3 ϩ/sf female carriers were crossed with RAG2 Ϫ/Ϫ mice to generate Foxp3 sf .RAG2 Ϫ/Ϫ mice. Mice carrying the sf mutation were identified by PCR using forward primers specific for either the sf (5Ј-TCAGGCCTCAATGGACAAA-3Ј) or WT (5Ј-TCAGGC-CTCAATGGACAAG-3Ј) allele and a common reverse primer (5Ј-AAACACGGGGCCCAAGGC-3Ј). All donor and host mice were used at 3 or 6-12 wk of age, respectively. All animal experiments were performed in accordance with approved protocols from the Institutional Animal Care at RIKEN.
Cell Preparations. Single-cell suspensions from thymus, spleen, and inguinal, axillar, brachial, cervical, and mesenteric LN were ob-
